Polylactic acid (PLA) is being developed as a renewable alternative for conventional petroleum-based plastics (2, 8, 28) . A new plant began operation in 2002 that is expected to increase the world production of L-(ϩ)-lactic acid by 2.5-fold (5, 16, 18) . PLA is a versatile plastic that can be tailored to specific applications by altering the ratio of the L-(ϩ)-and D-(Ϫ)-lactic acid isomers (12, 23, 37) . Optically pure isomers can be produced as separate products by microbial fermentation of carbohydrates (11, 17) using chiral-specific L-(ϩ)-or D-(Ϫ)-lactate dehydrogenase (LDH) enzymes. The success of renewable commodity chemicals such as lactic acid is critically tied to production costs. Although glucose is the primary commercial feedstock, additional sugars such as pentoses (xylose and arabinose) and cellobiose from renewable lignocellulose are potentially available and may prove less expensive.
A variety of microorganisms can be used to produce optically pure lactic acid isomers (17) . These typically require the addition of complex nutrients due to native biosynthetic limitations, adding costs for nutrients, product purification, and waste disposal. Alternative biocatalysts for lactic acid production are being engineered in yeasts (1) and Escherichia coli (7, 14, 40) , the two most widely used microbial platforms for biotechnology (8) . Native E. coli produces a mixture of acidic and neutral fermentation products (9) (Fig. 1) . Two groups have reported the metabolic engineering of this organism for the production of D-lactic acid using different genetic approaches. E. coli strains developed by Chang et al. (7) contained mutations in phosphotransacetylase (pta) and phosphoenolpyruvate carboxylase (ppc) and produced high yields of lactic acid but required dicarboxylic acids or complex nutrients for growth. Although omitting the ppc mutation eliminated the requirement for dicarboxylic acids, yield was significantly diminished by the accumulation of succinate. An alternative approach by Zhou et al. (40) combined mutations in four genes: pyruvate formatelyase (pflB), acetate kinase (ackA), alcohol dehydrogenase (adhE), and fumarate reductase (frdBC). The resulting strain (SZ63) produced high yields of D-lactic acid from sugars during growth in mineral salts medium without additional nutrients and contained no antibiotic resistance genes or plasmids.
Two different genetic approaches have been used to engineer E. coli for the production of L-lactic acid. In both, recombinant genes encoding L-LDH enzymes were used to replace native fermentation pathways. Early studies by Clark and colleagues (9, 26) demonstrated that strains of E. coli containing mutations in pyruvate formatelyase (pflB) and LDH (ldhA) are unable to metabolize glucose anaerobically in mineral salts media unless supplied with an alternative pathway for NADH oxidation. Subsequently, these double mutants have been used to isolate plasmids expressing LDH genes from a variety of different microorganisms (3, 13, 15, 30) . Although resulting strains produced single isomers as a dominant fermentation product, none were evaluated as potential biocatalysts for lactic acid production. Recently, Dien et al. (14) constructed analogous E. coli pfl ldhA double mutants containing a plasmid expressing the Streptococcus bovis ldh gene (39) and demonstrated the production of over 70 g of L-lactic acid per liter at high yields (0.8 g/g of glucose) using complex media. An alternative approach was reported by Chang et al. (7) in which a double mutant (ldhA pta) and a triple mutant (ldhA pta ppc) were constructed as hosts for a plasmid expressing the Lactobacillus casei ldh gene (20) . Although L-lactic acid was produced during fermentation in complex medium, product titers and yields were lower than those reported by Dien et al. (14) . None of these recombinants was capable of fermenting sugars to lactic acid in mineral salts medium without the inclusion of nutrient supplements and antibiotics (7, 14) .
In this study, we describe a new E. coli biocatalyst containing five chromosomal deletions (pflB, ackA, adhE, ldhA, and frdBC) and a chromosomally integrated L-(ϩ)-LDH gene (ldhL) from Pediococcus acidilactici (15) . The resulting strain (SZ85) contains no plasmids or antibiotic resistance genes and produces high yields of optically pure L-(ϩ)-lactic acid from glucose and xylose in a mineral salts medium.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. The E. coli strains and plasmids used in this study are listed in Table 1 . DH5␣, TOP10FЈ, and S17-1 were used as hosts for plasmid constructions. During strain construction, cultures were grown at either 30, 37, or 42°C in Luria-Bertani broth (27) (per liter: 10 g of Difco tryptone, 5 g of Difco yeast extract, and 5 g of sodium chloride) containing 2% glucose or on this medium solidified with agar (1.5%). Antibiotics were used as needed at the following concentrations: kanamycin (50 g ml Ϫ1 ), tetracycline (12.5 or 6.25 g ml Ϫ1 ), and ampicillin (50 g ml Ϫ1 ). Strains engineered for lactic acid production were grown in M9 medium (27) (per liter: 6 g of Na 2 HPO 4 , 3 g of KH 2 PO 4 , 1 g of NH 4 Cl, 0.5 g of NaCl, 246.5 mg of MgSO 4 ⅐ 7H 2 O, 14.7 mg of CaCl 2 , 1 mg of thiamine) containing 1% glucose. Stock cultures were maintained on M9 plates containing 1.5% agar and 2% glucose. M9 medium containing 5% sugar (glucose or xylose) was used for pH-controlled fermentations. Seed cultures were grown in M9 medium containing 1% xylose or 1% glucose as appropriate.
Genetic methods. Plasmid pGID150 was used as a source of the ldhL gene from P. acidilactici (15) , an isolate from corn silage. Standard methods were used for PCR amplification, plasmid construction, analyses of DNA fragments, and DNA sequencing (34) . Electroporation conditions for chromosomal integration have been previously described (10, 25, 40) . Plasmid DNA was isolated using a Qiaprep Spin miniprep kit. A QIAquick gel extraction kit was used to isolate DNA fragments from agarose gels. DNA sequencing was provided by the University of Florida Interdisciplinary Center for Biotechnology Research (with Applied Biosystems autosequencers) and by the Microbiology and Cell Science Sequencing Core (with a Licor long-read autosequencer), using dye-termination methods.
Integration of P. acidilactici ldhL into SZ63. Plasmid pLOI2398 was constructed with a conditional R6K replicon to facilitate the integration of ldhL into the chromosomal ldhA gene of SZ63. The ldhL gene coding region and transcriptional terminator region (1 kbp) were amplified by PCR from pGID150 and cloned into a pCR2.1-TOPO vector to produce pLOI2393 (4.9 kbp). The forward primer (5Ј-3Ј AAGGAGAAAGTCTTATGTCTAATATTCAAAATCA) included part of the E. coli ldhA ribosomal binding region (bold) and the amino terminus of P. acidilactici ldhL (underlined). The reverse primer (5Ј to 3Ј, GTTTGGGG AAGGGACATAAAAATAGGTACAAAA) was downstream from the putative transcriptional terminator region. A 1.7-kbp fragment (SmaI-KpnI) containing a tet gene flanked by two FRT sites for the Saccharomyces cerevisiae FLP recombinase (25, 40) was isolated from pLOI2065 and directionally cloned into pLOI2393 between unique BamHI (Klenow-treated) and KpnI sites. In the resulting plasmid pLOI2396 (6.6 kbp), transcription of both ldhL and tet is oriented in the same direction.
To facilitate transfer of LDH genes into the -pir conditional R6K vector, a derivative of pUC19 was previously constructed in which AscI linkers were inserted into the SapI and NdeI sites which border the polylinker region (40 This plasmid was further modified by deleting most of the polylinker region (KpnI-HindIII region; blunt-end ligation) to produce pLOI2394 (2.7 kbp) containing a unique EcoRI site flanked by two AscI sites. The coding region for the E. coli ldhA gene (1 kbp) was amplified by PCR using chromosomal DNA from strain W3110 as the template and Sigma Genosys ORFmer primers. After cloning into pCR2.1-TOPO to produce pLOI2392 (4.9 kbp), the EcoRI fragment containing ldhA was isolated and cloned into the EcoRI site of pLOI2394 to produce pLOI2395 (3.7 kbp). The ApaI (treated with T4 DNA polymerase to produce blunt end)-KpnI fragment (2.7 kbp) containing ldhL and tet was isolated from pLOI2396 and directionally cloned into pLOI2395 (HincII to KpnI sites) to produce pLOI2397 (6.4 kbp). In this plasmid, ldhA, ldhL, and tet genes are transcribed in the same direction. (Note that this construct included a partial deletion of the ldhA gene.) The AscI fragment (4 kbp) containing these three genes was isolated from pLOI2397 and cloned into the R6K integration vector pLOI2224 (25) to produce pLOI2398 (5.9 kbp). Plasmid pLOI2398 (Fig. 2) contains resistance genes for both kanamycin and tetracycline. This plasmid pLOI2398 was transferred into E. coli SZ63 by electroporation followed by selection for resistance to tetracycline. Integrants were confirmed by the absence of plasmid, sensitivity to kanamycin, and PCR analysis.
Fermentation. E. coli W3110 (wild type) and engineered derivatives were initially tested for lactic acid production using 18-ml screw-cap tubes. Single colonies from fresh plates were resuspended in M9 medium (1 ml) containing 1% glucose. Fermentation tubes were inoculated with approximately 0.05 ml of this suspension, filled to the brim, sealed, and incubated at 37°C for 48 h. Broth samples were analyzed by high-performance liquid chromatography (HPLC).
Strains constructed for lactic acid production were maintained on M9 plates containing 2% glucose and tested in a New Brunswick Bioflow 3000 10-liter fermentor (8 liter of M9 medium containing 5% sugar). Seed cultures were prepared by inoculating colonies from fresh M9 plates into 2-liter flasks containing 600 ml of M9 medium with 1% glucose ( (6, 26) . Cells were harvested from 18-ml anaerobic tubes by centrifugation, washed once in Tris-maleate buffer (100 mM Tris-maleate, 1 mM dithiothreitol [pH 6.5]), and resuspended in this buffer at a density of approximately 0.33 mg (dry weight) per ml. Cells were permeablized by treating 0.1 ml of this suspension with 2 drops of chloroform and vigorously mixing for 15 s with a vortex mixer. After allowing the chloroform to settle, the upper layer containing permeabilized cells was used to assay LDH activity. The assay mixture contained 30 l of sodium pyruvate (1 M; pH 7.5), 30 l of NADH (6.4 mM), 400 l of morpholinepropanesulfonic acid buffer (50 mM; pH 7.0), 530 l of distilled H 2 O, and 10 l of crude enzyme. Rates were measured at room temperature for 5 min. LDH activity (initial rate) is reported as micromole of NAD ϩ produced per minute per milligram of cell protein. Analyses. Cell mass was estimated by measuring the optical density at 550 nm (OD 550 ) as previously described (24) . At an OD 550 of 1.0, each liter contained approximately 330 mg of cells (dry weight). Total protein was calculated as 55% of cell dry weight. Organic acids and sugars were measured by HPLC (38) . A chiral column was used to analyze the isomeric purity of lactic acid (29, 40) .
Nucleotide sequence accession numbers. The sequences for the DNA regions containing the integrated ldhL gene in SZ79 and SZ85 have been deposited in GenBank and assigned accession numbers AY205157 and AY205156, respectively.
RESULTS
Construction of biocatalyst for the production of L-(؉)-lactic acid. E. coli strain SZ63 (focA-pflB frdBC adhE ackA) was previously developed to demonstrate the production of optically pure D-lactic acid in mineral salts medium (40) . Using SZ63 as the parent, a new biocatalyst for the production of L-lactic acid was engineered by replacing part of the native ldhA coding region with the coding region and transcriptional terminator from P. acidilactici ldhL. Since the ldhL gene contains a weak ribosomal-binding region (Shine-Dalgarno sequence, AAGGG) (15), this region was replaced with the corresponding sequence for ldhA. In the integration vector, pLOI2398 (R6K replicon), the promoterless ldhL was oriented in the same direction as ldhA to allow expression from the native ldhA promoter.
A total of 238 tetracycline-resistant colonies were recovered after electroporation of pLOI2398, representing both single and double crossover events. Of these, 12 clones were sensitive to kanamycin (potential double crossover integrants). These 12 clones were further examined by PCR using primer sets for ldhA, ldhL, the ldhA ORFmer forward and ldhL reverse primers, and the ldhL forward and ldhA ORFmer reverse primer pair. Four clones containing double crossover events were retained and designated E. coli SZ75, SZ76, SZ77, and SZ78, respectively. Each was transformed with plasmid pFT-A (temperature conditional) containing an inducible FLP recombinase (33) . Chromosomal tet genes were eliminated by induction of the recombinase. After curing the temperaturesensitive pFT-A plasmid by growth at 42°C, resulting strains were designated E. coli SZ79, SZ80, SZ81, and SZ82, respectively. These strains were devoid of antibiotic resistance markers, plasmids, and auxotrophic requirements.
Increasing the expression of ldhL after integration into E. coli. The anaerobic growth of integrants containing the P. acidilactici ldhL gene was poor in M9 medium in comparison to that of SZ63 (parent), as illustrated by the results with SZ79 (Table 2) . Cell mass and LDH activity for SZ79 were both approximately 5% of SZ63 levels under these growth conditions ( Table 2 ). The poor performance of SZ79 and other integrants was hypothesized to result from weak expression of the P. acidilactici ldhL gene.
Mutants of SZ79 were selected for improved growth in M9 medium (8 liters; 5% glucose) using a 10-liter fermentation vessel. The fermentor (37°C; 200 rpm; pH 7.0; controlled by addition of 45% NaOH) was inoculated with E. coli SZ79 at an initial cell density of 33 mg/liter (OD 550 , 0.10). Cell mass doubled during the first 24 h, accompanied by production of small amounts of acids from glucose (Fig. 3A) . Both cell mass and sugar concentration remained essentially unchanged for the following 7 days. Growth and acid production resumed after 8 days. Glucose metabolism was nearly complete after 17 days with a yield of 0.91 g of lactic acid/g of sugar metabolized (Table 3) . Samples of fermentation broth were removed during the second growth phase and spread on M9 (2% glucose) plates to test for contamination. No contamination was evident, and these plates were used to isolate potential mutants. Ten colonies (SZ83-SZ92) were selected from the 12-day broth sample and tested for the presence of ldhL and absence of ldhA by PCR, for anaerobic growth in M9 (1% glucose), and for LDH activity ( Table 2) . Analysis of PCR products indicated that all products retained ldhL and lacked ldhA. Anaerobic growth (OD 550 ) and LDH activity in the new clones averaged over 30-fold higher than results for the parent (SZ79). Based on these results, all new isolates were considered siblings. One, designated SZ85, was selected for further investigation.
Regulation of P. acidilactici ldhL expression in recombinant E. coli. The promoterless ldhL was integrated into ldhA, downstream from the ldhA promoter. Since transcription of the ldhA gene is known to be activated by growth at low pH (6, 19, 26) , the effect of pH on the expression of ldhL was investigated ( Table 3) . Expression of ldhL (SZ79 and SZ85) and native ldhA (W3110 and SZ63) was higher when cells were grown in unbuffered medium that was allowed to acidify (pH 5.3 to 5.6) than in cells grown in buffered medium (pH 7.5 to 7.9), consistent with expression from the ldhA promoter. The effect of pH was larger for the wild-type organism, W3110, than for any of the genetically modified strains. LDH activities for SZ63, the strain engineered to produce D-lactic acid using the native LDH, were over twice that of the unmodified parental strain (W3110). The activity ratio for LDH in SZ63 (ldhA) was iden- tical to that for the integrated derivative SZ79 expressing P. acidilactici ldhL. The smallest difference in activity ratio was observed for SZ85, a mutant of SZ79. Strain SZ85 also expressed the highest levels of LDH activity.
Comparison of DNA sequences in the ldhL region of SZ79 (parent) and SZ85 (mutant). To investigate the mutational basis for the 30-fold increase in L-LDH activity (Table 3) , DNA regions (2,825 bp) containing the integrated ldhL gene in SZ79 and SZ85 were sequenced and compared. The sequenced DNA included 906 bp upstream of the ldhA start codon (587 bp upstream from the native ldhA start codon, a 245-bp Nterminal segment of ldhA, 59 bp of vector DNA, and 15 bp of synthetic DNA containing a duplicate of the ldhA Shine-Dalgarno region), the ldhL coding region (972 bp), and 947 bp downstream of the ldhA transcriptional terminator (77 bp containing the putative ldhL transcriptional terminator, 138 bp of vector DNA, 535 bp containing the C terminus of ldhA, and an additional 197 bp downstream from ldhA). To facilitate sequencing, primers were designed that allowed each region to be subcloned into pCR2.1-TOPO as three overlapping fragments of approximately 1,000 bp. All clones were fully sequenced in both directions using the Licor autosequencer, 70% of which were independently confirmed by shorter reads using Applied Biosystems autosequencers. For comparison, the original P. acidilactici ldhL gene and downstream region (1,110 bp total) were also sequenced directly from pGID150, using M13 forward and reverse primers. All sequence data were in complete agreement.
The DNA sequence (972 bp) for the ldhL region from pGID150 was identical to the DNA sequence of the subcloned PCR product in SZ79. Both differed from the published sequence in six base positions (published to new observation): (i) codon 28, GAA (glu) to CAA (gln); (ii) codon 29 GAA (glu) to CAA (gln); (iii) codon 43, GTA (val) to GAT (asp); (iv) codon 107, CTT (leu) to GTT (val); (v) codon 221 (double mutation), AAA (lys) to GCA (ala). Alignments of translated sequences for genes encoding similar L-(ϩ)-LDH (lack of allosteric regulation by fructose-1,6-bisphosphate) from two related organisms (Lactobacillus plantarum and Lactobacillus pentosus) were in complete agreement with the new ldhL sequence at four of these positions (15). These differences appear to be corrections. The two-base change in codon 221 (lys to ala) was surprising and may represent mutations acquired during passage of plasmid pGID150. Interestingly, either lysine or alanine are found at this position in L-(ϩ)-LDHs from other bacteria (15) .
The promoter region of ldhA and the region within the N-terminal fragment of the ldhA coding region can be presumed to contain a promoter(s) for the integrated P. acidilactici ldhL. Although the promoter for ldhA has not been rigorously defined, a putative sigma 70 promoter region is present approximately 100 bp upstream. No mutations were observed in SZ85 within the putative ldhA promoter region. One muta- Small amounts of succinate, formate, acetate, and ethanol were also detected (see Table 4 ). Symbols: s, sugar (glucose or xylose); OE, lactate; ‚, OD 550 . a Colonies were inoculated into 18-ml screw-cap tubes filled to the brim with Luria-Bertani containing 1% glucose, sealed, and incubated anaerobically for 6 h. High levels of inocula and longer incubation times (12 h) were required for SZ79 due to poor growth. Where indicated, HEPES (0.2 M) was included to prevent acidification of medium.
b Activity ratios were calculated by dividing activity present during growth without buffer by that from buffered cultures (26 tion was observed further upstream (A to G; 522 bp upstream from the ldhA start codon) and a second mutation was observed in the N-terminal fragment of ldhA at amino acid 55 (from SZ79 GAC to GGC in SZ85). It is possible that the mutation in the N terminus of ldhA allowed this region to serve as an additional promoter for ldhL. Although there is no clear match with consensus regions for sigma factors, an AT-rich region is appropriately spaced downstream from this mutation which could serve as a Ϫ10 site for sigma 38. No mutations were observed in the vector DNA or synthetic DNA. Note that this region contains two transcriptional terminators to prevent synthesis of a fusion protein.
Five mutations were found in the ldhL coding region of SZ85: (i) codon 15, GAC (asp) to GGC (gly); (ii) codon 63, AAC (asn) to AGC (ser); (iii) codon 221 (double mutation), GCA (ala) to AAA (lys); and (iv) codon 228, AAG (lys) to GAG (glu). None of these (old or new) codons are rare in E. coli, and none of the changes would be predicted to alter the efficiency of transcription. The change in codon 221 corrected an apparent mutation of ldhL in plasmid pGID150, restoring the original sequence (15) . Two G-to-A mutations were found in the terminator region of ldhL. No mutations were observed in the truncated C-terminal region of ldhA (535 bp) or downstream region (197 bp). The observed mutations in the ldhL coding region and terminator region of SZ85 could contribute to the increase in L-(ϩ)-LDH activity by increasing message stability, improving protein folding or stability, and increasing enzyme activity.
Production of L-lactic acid during pH-controlled batch fermentation. Fermentations of glucose and xylose to lactic acid were compared in M9 medium containing 5% sugar, using E. coli SZ85 expressing P. acidilactici ldhL as the biocatalyst (Fig.  3B and C) . With xylose, the growth phase continued for approximately 1 day longer than with glucose, resulting in a higher cell yield (Table 4 ). Despite higher cell mass with xylose, volumetric and specific productivities with glucose were twofold higher than with xylose. Lactic acid was the dominant fermentation product from both sugars, with low levels of other acids (Table 4) . During the first 72 h, lactic acid production from xylose was approximately 60% of that from glucose. Xylose fermentation rates declined progressively thereafter, and 15% of the xylose remained unmetabolized when fermentation was terminated (312 h). Lactic acid yields based on metabolized xylose were 0.93 g/g of xylose. Glucose was exhausted after 120 h with yields averaging 0.95 g/g of glucose metabolized.
Optical purity of lactic acid. The optical purity of lactic acid produced by SZ85 was determined by HPLC using a chiral column to separate the D-(Ϫ) and L-(ϩ) isomers (29) . Based on these analyses, SZ85 was found to produce L-(ϩ)-lactic acid with a chiral purity of at least 99.5% (Fig. 4) .
DISCUSSION
Lactic acid bacteria (17) , fungi (17, 36) , genetically engineered yeasts (1, 4, 31, 32) , and genetically engineered bacteria (7, 14, 21, 22) have been investigated as potential biocatalysts for the production of optically pure L-(ϩ)-lactic acid. Although several of these organisms are presumed to be in commercial use, none have been reported to grow and produce lactic acid efficiently in mineral salts media containing sugar. All have additional nutrient requirements which are typically met with complex supplements. Lactic acid yields from the most efficient of these biocatalysts ranged from 85 to 92% of the maximum theoretical yield (1 g per g of sugar metabolized). In most studies, unmetabolized glucose remained in the broth at the end of fermentation (5 to 20 g liter Ϫ1 ). Our laboratory previously described E. coli SZ63 (focA-pflB frdBC adhE ackA) for the production of optically pure D-lactic acid (Ͼ95% of theoretical yield based on total sugar added) in mineral salts medium (40) . A derivative of this strain was constructed for L-lactic acid production by functionally replacing the native ldhA gene encoding D-LDH in SZ63 with the ldhL gene encoding L-LDH from P. acidilactici. The resulting organism, strain SZ85, produced L-lactic acid from glucose in mineral salts medium with a yield of 95% (94% of total sugar), a purity of 99% with regard to total fermentation products, and an optical purity for the L-(ϩ) isomer exceeding 99%. Although lower than glucose, lactic acid yields for xylose were also high (93% of metabolized sugar and 82% of total sugar) and were similar in optical purity.
Strain E. coli SZ85 has proven to be exceptionally stable during storage and transfers. Colonies were quite uniform upon transfer. Performance in seed cultures and in fermentations has been highly reproducible over a 12-month period of study. To eliminate the opportunity for reversion, chromosomal deletions were introduced into key genes for all alternative fermentation pathways rather than point mutations or . These values were calculated as a percentage of total sugar added to the fermentation vessels and as a percentage of sugar metabolized during fermentation.
c Max. vol. prod., maximum volumetric productivity for L-lactic acid. d Max. spec. prod., maximum specific productivity for L-lactic acid.
gene disruptions. This strain has an absolute requirement for the functional expression of P. acidilactici ldhL for NADH oxidation during anaerobic growth. Antibiotic resistance genes and plasmids used during construction were eliminated to maximize the potential utility of SZ85. L-Lactic acid titers of up to 5% were achieved in simple batch fermentations with complete utilization of glucose; higher levels may be possible with fedbatch strategies but have not been investigated. In contrast to SZ85, previous strains of E. coli examined for L-lactic acid production contained plasmids and antibiotic resistance genes and required complex nutrients (7, 14) . Although fermentation rates for SZ85 in mineral salts medium were lower than previously reported for complex media using other recombinant E. coli (7, 14) , product yield and purity were highest using SZ85 as the biocatalyst. Opportunities for further improvement of E. coli SZ85 include increases in volumetric productivity and acid tolerance. In recent studies (4, 31, 32) , an engineered strain of Kluyveromyces lactis expressing the bovine LDH gene from a plasmid was reported to produce up to 6% lactic acid at pH 4.5, reducing the amount of base required for maintenance of pH by approximately 20% and reducing the potential for contamination (4, 31) . Conditions for growth and lactic acid production by the engineered K. lactis strain included requirements for continuous aeration and supplements (adenine, uracil, and antibiotics). The lactic acid yield for the engineered K. lactis strain was high (85% based on metabolized glucose after 474 h). However, substantial levels of glucose remained unmetabolized at the end of this fermentation. Lower levels of glucose were fermented completely by the engineered K. lactis strain without pH control or base addition (31) . In contrast, SZ85 completely metabolized glucose with a higher yield of L-lactic acid (95%) in a simple stirred-tank fermentor containing mineral salts medium and control of only pH and temperature. The high yield and purity of L-lactic acid produced by SZ85, simplicity of fermentation conditions, lack of aeration, and lack of complex nutritional requirements offer potential advantages for L-lactic acid production.
